INTRODUCTION
In the first 400 km of its course below Lee's Ferry, Utah, the Colorado River passes about 60 large debris fans formed by the flooding of its tributaries (location map in fig. 1 ). Such tributary floods are a major source of boulders in the river channel through the Grand Canyon. Although the major features of the flood-produced fans can be stable for more than 100 years (Leopold 1969; Dolan et al. 1978; Graf 1979 Graf , 1980 Dolan 1979, 1981) , the river has eroded them, with remarkable uniformity, so that the to optimize water use for power generation at Glen Canyon Dam. Discharges typical of natural floods (e.g., as high as 300,000 cfs in 1884) had not flowed through Crystal Rapid before 1983 (U.S. Geological Survey, Water Resources Data for Arizona 1980). In June and July, 1983, however, record-high controlled discharges of up to 96,200 cfs were required to prevent Lake Powell from overtopping the Dam, causing rarely seen or documented geologic and hydraulic events and providing the opportunity to address the hydraulic relationship between the Colorado River and its debris fans.
In addition to their geomorphic significance, however, the hydraulic events during 1983 had a significant effect on commercial and private rafting in the Grand Canyon, where about 10,000 people each year navigate the 400-km stretch through the canyon. Boulders, waves, and eddies in Crystal Rapid have made raft navigation difficult even at normal levels of controlled discharges (Collins and Nash 1978). In 1983 Crystal Rapid became unusually hazardous, with one wave reaching trough-to-crest heights of more than 6 m as the discharge reached 50,000 to 70,000 cfs ( fig. 3 ), drowning one rafter and seriously injuring dozens of others (Wolf 1983 ). Rare geologic events are only fortuitously documented, and they usually offer little opportunity for the rigorous observations required by the scientific method. The observations of the river-runners who navigated Crystal Rapids before and during this time have provided important and partially quantitative support for the hydraulic model presented in this paper.
A Note on Units and Directions.-The discharge of the Colorado River is accurately measured by the U.S. Geological Survey at the Bright Angel gage station, and the measurements are published in units of cubic feet per second (cfs). River-runners, who provided many eyewitness observations for this report, also estimate the discharges in cubic feet per second. Therefore, English units of discharge are used (10,000 cfs = 283 m3/s), but all other variables are given in metric units. In river navigation, "right" is the right side of the river when facing downstreamgenerally north in this case; left is generally south. "Above" means "upstream of," and "below" means "downstream of."
CHANNEL GEOMETRY AT CRYSTAL RAPID
The Pre-1983 Channel.-Since few survey data are available, the pre-1983 geometry of the Colorado River channel is unknown. The geometry has now changed substantially so this information is beyond recovery, except that which can be inferred from an interpretation of surface features present then.
When the discharge was 10,000 cfs, the surface width of the river narrowed from about 87 m upstream to about 35 m as the river passed around the debris fan ( fig. 4) . At all discharges, much of the surface width included shallow flow across the debris fan. Even at the peak discharge of 96,200 cfs the flow remained slow and shallow, as can be seen from the texture of the water surface in figure 5. However, the shallow water is not important in considering larger-scale features of the flow: field estimates of velocity, depth, and area of fan covered show that, at all discharges, less than 10% of the total flux is in-volved in the shallow flow. Most of the pre-1983 discharge was contained within a channel cut in the distal end of the debris fan on the south side of the river. This channel was substantially narrower in width than the surface extent of the water, even at the rate of only 10,000 cfs shown in figure 4.
Beyond the obvious bedrock boundaries, the path available for the river was narrowed by a rock ridge that extended from the south shore into the narrowest part of the channel (fig. 4) . Water poured over the southern part of this ledge, creating the Crystal Rapid "Pour-Over." The projection of this ledge into the channel caused two eddies-one above the ledge in the mouth of Slate Creek, and one below. These eddies were present at all water levels, although their detailed configuration changed with discharge (figs. 4, 5, 6). The main part of the flow (see fig. 4a ) was thus confined to a narrow, high-velocity channel between the eddies on the south and the.debris fan on the north. Although the bottom profile was laterally irregular (see fig.  44c ), in the following calculations it is assumed 'that this high-velocity channel was rectangular at all cross-sections and that it narrowed from an average width of 80 m upstream to 20 m at its narrowest point; the calculations can easily be done for a channel of arbitrary cross-section, but only the simplest assumption is justified by the scant data.
Little was known about the longitudinal slope of the main channel in 1983. The shoreline was measured to drop 2.5 m from Crystal Creek to a beach north of the main wave of interest (see figs. 4, 5, and 6), and the water surface was estimated to have dropped another 2.5-3 m through the Rock Garden. There is no evidence for sharp vertical drops (ledges) in the bed within this distance, except for the Pour-Over restricted to the south shore. A large rock set in the center of the main channel about 30 m below the PourOver, the avoidance of which (and of the hole and wave associated with it) was the primary goal of river-runners prior to 1983. The hole and wave were known as the "Crystal Hole." It was observed that this rock was just submerged at 6,000 cfs, from which its diameter can be estimated roughly at 2 (+1) m.
The Post Mid-1983 Channel.-After the high discharges of 1983, surface wave patterns were changed ( fig. 6) 6 ). It is, in late 1984, the largest wave in the rapid. At lower discharges this wave moves farther upstream and diminishes in size, but it is appreciable even at a discharge of only 6,000 cfs (these changes are addressed in the "Conclusions" section).
Although the depth of water in the channel at various discharges was not measured at Crystal Rapid itself, data are available from the U.S. Geological Survey's gaging station near Bright Angel Creek, 16 km upstream (table 1) Consider first a rock embedded in subcritical flow, which is the ambient condition of the flow in the Colorado River in the unconstricted channel. At a discharge that just submerges such a rock, the water that flows over the rock becomes supercritical because the upstream velocity is nearly maintained but the water becomes shallow ( fig. 7a ). The flow returns to subcritical conditions through a hydraulic jump (discussed in detail below), which is the wave associated with the rock. The height of the wave depends on the Froude number of the flow over the top of the rock. As discharge increases, the Froude number decreases because the depth of water over the rock increases rapidly with discharge, whereas the velocity remains approximately constant or increases only slowly. At the discharge at which the Froude number returns to unity, flow over the rock returns to subcritical conditions, and the wave disappears ("washes out"). Although it is difficult to quantify these ideas for a particular rapid without detailed measurements of water depth and flow velocity at specific rocks, it is useful to note that waves from boulders as high as 2 m in the "Rock Garden" below the constriction (see fig. 4 ) are strong at 10,000 cfs, moderate at 30,000 cfs, and are washed out at 92,000 cfs.
The behavior of waves around rocks embedded in supercritical flow is more complex because depth changes with discharge are less easily predicted. Flow can be supercritical near a shore where it maintains nearly the velocity of the main current but becomes shallow, e.g., along the north shore of the channel at Crystal. The behavior of the normal wave at Crystal such zones are known as "eddy fences" to Rapid can be analyzed by using the wellriver runners. For flow with constant specific head (that is, everywhere except across a hydraulic jump) the variation in depth is controlled solely by the specific discharge, q. For a given head, Hr, equations (6) and (7) show that the specific discharge, q, must be less The location of the jump will be determined by the condition that H' = Hr. The equations were solved by computer, but an illustration of their solution by graphical techniques is shown in figures 8c and 8d and discussed in the Appendix as the justification for assuming constant specific energy in the analysis.
APPLICATION TO THE HYDRAULICS OF CRYSTAL RAPID
At a given discharge (Q), the flow state is completely specified when the specific head (Hr), the river width (wo), and the change in discharge through the constriction (qo/q2) are given. The average river width used here for regions 0 and 5 is 80 m; the constriction of the river at the onset of the 1983 high discharges is assumed to have been 0.25. The specific energy of the flow is assumed to be given by the values at Bright Angel gage station, table 1. Calculated flow variables are shown as a function of discharge and ratio of specific discharges, q0o/q2 ( fig. 9 ). As discussed above, it is assumed that all of the water goes through the constriction, so that q0/q2 = w2/wo. This assumption will be reexamined below, but, anticipating the validity of the assumption, the geometric term "constriction" will be used for this ratio.
The calculations indicate that at discharges of less than 12,000 cfs, flow through the assumed idealized channel should be subcritical if the constriction is 0.25. In detail, the potential energy gain arising from the drop in bed elevation at the top of the rapid is probably not compensated by the energy losses over this section, and the flow becomes weakly supercritical at the top of the rapid because of this energy gain (an illustration of this effect is discussed in the Appendix). Thus, in figure 4 (taken at 10,000 cfs), the "tongue" of smooth water extending into the rapid indicates supercritical flow. Over the course of the rapid, energy dissipation takes the flow back to subcritical conditions without need for a hydraulic jump at low discharge. The mid-channel rock caused a wave at the "Crystal Hole," of the type illustrated in figure 7a, but no obvious normal wave was present.
The calculations indicate that the available head, Hr, was not sufficient to allow the required flux through the constriction when discharges exceeded 12,000 cfs. A substantial backwater (up to 5 m deep) was necessary ( fig. 9a) . Critical flow through the convergence, supercritical flow downstream of the convergence, and a normal wave to bring the supercritical flow back to subcritical downstream conditions resulted ( fig. 9b-e) . River runners experienced the backwater as the tranquil slow water above Crystal Rapid ("Lake Crystal") before the acceleration down the tongue of the rapid into the convergence. They experienced the normal wave, i.e., hydraulic jump, as the major obstacle in the rapid. The subcritical flow regime in the diverging section of the rapid below the hydraulic jump was either difficult to negotiate (at low to moderate discharges when the Rock Garden was exposed) or surprisingly simple and smooth (at high discharges when the Rock Garden was washed out).
As discharge increased from 12,000 to 50,000 cfs, the calculations indicate that the normal wave should have moved about 33 m downstream, which is in good agreement with observations. The calculations suggest that the height of the jump would have increased continuously with increasing discharge if the channel geometry were constant at a constriction of 0.25 (the heavy line in fig. 9b ). The observed wave heights were in good agreement with those calculated for a normal wave in a channeluntil the discharge exceeded 60,000 cfs. At higher discharges the wave height was observed to decrease, rather than to increase toward the calculated value of 9 to 10 m. The observed decrease in wave height suggests that this quantity that I have been calling the "constriction," which is really the ratio of qo/q2, increased from 0.25 to about 0.40. If the effect of spillover of water across the debris fan was significant, the ratio of specific discharges qo/q2 would not be equal to the geometric ratio, w2/w0 because water that passed through region 0 would be detoured around region 2 and the ratio q0/q2 could vary while w2/Wo remained constant. For example, if the proportion of water bypassing region 2 increased with discharge, q0/q2 would increase with discharge. Figure 9b shows that this would cause the wave height to decrease with increasing discharge. However, the estimated upper limit on spillover-about 10% of the total discharge-would correspond to an effective increase in the channel constric- If the channel contoured itself to keep u2 equal to the threshold velocity for transport of the major boulders, then by 60,000 cfs the channel would have enlarged to a constriction of about 0.30, a widening of 4 m; by 92,000 cfs, the constriction would have enlarged to 0.40, a widening of about 12 m. For contouring to reach these threshold values, erosion must occur rapidly compared to the duration of the high discharges. A rough calculation of erosion rate based on the number of rock impacts heard (about 1/minute; boulders assumed to be 1 m diameter) suggests that 2200 m3 could have been removed in 3 days. At this rate, the distal sector of a highly idealized fan, about 220 m2 in area and 10 m in height, could have been eroded back the required 12 m during the few days that the maximum discharges were maintained.
On the basis of historical highest discharge and shoreline the documented post-1966 history of the Crystal debris fan can be divided into two parts: (1) pre-1983, when the maximum discharge had been at about 30,000 cfs and the highest shoreline had been at about the limit of salt cedar growth (fig. 4) ; and (2) post-1983, when the maximum discharge had been at 96,200 cfs and the highest shoreline had been at about the limit of currently preserved salt cedars ( fig. 5 ). "Shoreline" as used here excludes slow channelized runoff and therefore does not correspond to river "stage." Evidence for the proposed channel erosion is preserved in the shorelines. Comparison of figs. 4 and 10 along the shore between E and E' and use of fig. 5 to demonstrate that this region was indeed between the constriction and hydraulic jump during the high discharges show that a substantial amount of material is missing. The shore prior to 1983 and the current shore here are much steeper than the general slope of the debris fan, and I interpret the steep banks to be channel walls carved during river erosion. Thus, the available evidence, though not conclusive or quantitative, supports the proposed idea that the channel was substantially widened by the 1983 discharges, and that in the past the channel has been subjected to erosion in the vicinity of the constriction.
High flow velocities cause channel widening, but channel widening in turn decreases flow velocities, as can be seen in figures 9c and 9d. Erosion should cease at a constriction when the constriction becomes sufficiently wide to pass the given discharge at a velocity equal to the threshold velocity for erosion. Erosion can continue, however, in region 3 of supercritical flow even after it ceases in region 2, because water accelerates from the constriction through the supercritical region (fig. 9c) . As cited above, at 50,000 cfs, with the constriction still at 0.25, calculations indicate that the velocity u3 increases from 9 m/s at region 2 to 14 m/s just in front of the hydraulic jump. At 60,000 cfs, the con- striction should enlarge to 0.3 to reduce u2 to 9 m/s, but u3 in front of the normal wave remains high at 13.6 m/s. At 90,000 cfs, a constriction of 0.40 will hold u2 to 9 m/s, but u3 is 11.6 m/s in front of the normal wave. Thus, under conditions of progressively higher discharge in the history the Crystal debris fan, the Colorado River should contour a nozzle of a shape appropriate to keep u2 equal to the threshold velocity for boulder transport and to keep region 3 of supercritical velocities as small as possible. It is therefore probably not a coincidence that at 92,000 cfs, the kayak velocities were 9.8 m/s from Slate Creek to the trough of the wave-a stretch that includes region 2 and the faster region 3. Given that the kayakers did not exactly follow flow streamlines and that they were paddling with great vigor when upright, this value of 9.8 m/s can be considered in reasonable agreement with the inferred threshold velocity of 9 m/s.
Water decelerates rapidly as it passes through the normal wave into region 4, and the strong deceleration, as well as the great wave height, contributed to the rafting accidents at discharges of 50,000 to 60,000 cfs. The calculated velocity change through the wave was 10.7 m/s (35 feet/s or 24 miles per hour) at 50,000 cfs ( fig. 9e) . At 96,000 cfs with the constriction at 0.41, the calculated velocity change across the wave is 4.8 m/s. The kayaks were measured to decelerate from 9.8 to 3.3 m/s as they passed through the troughcrest region, in reasonable agreement with the calculated velocity change. Movies obtained by the author, as well as the sequence of photographs of which figure 3 is a part, show the large raft suddenly stopping as it hit the wave-a manifestation of the large velocity decrease across the hydraulic jump.
The large decelerations calculated for water when it passes through the normal wave from region 3 of supercritical flow into region 4 of subcritical flow suggest that this boundary will be a site of deposition of material scoured from regions 2 and 3. Experienced ing the river; we might call this the "lakeand-waterfall" phase of "pool-and-rapid" evolution. Main-stream floods then remove the finer debris far from the fans and can shift some coarse debris downstream. Thus, the dam of tributary debris is lowered by erosion and the river bed below it raised by deposition. This general sequence of events has been confirmed by the events at Crystal between 1966 and 1984, and the analysis in this paper suggests a quantitative model for some intra-fan dynamics not previously recognized.
The proposed concept of river-debris-fan evolution in the Grand Canyon is summarized in the sequence shown in figure 12. This sequence represents but one cycle in recurring episodes in which debris fans are enlarged by floods in the tributaries and then modified by floods in the main channel. The beginning of the sequence is arbitrarily chosen as a time when the main channel is relatively unconstricted (fig. 12a) . The river is suddenly disrupted and ponded by catastrophic debris-fan emplacement ( fig. 12b) , forming a "lake" behind the debris dam. The surface of the debris fan is the "waterfall" in this model. As the ponded water overtops the debris dam, it erodes a channel, generally in the distal end of the debris fan (fig. 12c) ; this is the beginning of evolution of the "rapid" from the "waterfall."
Unless the debris dam is massively breached by the first breakthrough of the ponded water, the constriction of the main river is initially severe. Floods of differing sizes and frequency erode the channel to progressively greater widths, as shown in figures 12c, 12d, and 12e. Small floods ( fig. 12c) enlarge the channel somewhat, but constricted, supercritical flow is still present (e.g., the annual discharges from Glen Canyon dam brought Crystal to the constriction of 0.25 between 1966 to 1983). Moderate floods ( fig. 12d ) enlarge the channel further and may widen the channel so that at lower discharges the flow is weakly supercritical or even subcritical (e.g., the 1983 high discharges at Crystal widened the channel and weakened the waves characteristic of the 20,000 and 30,000 cfs discharges). At the same time that lateral widening is occurring, vertical scouring and headwall erosion of the channel are occurring (fig. 12f) . Thus, the local gradient in the channel is changing, and new waves can arise as the channel geometry changes (e.g., the new, strong oblique waves at the tongue in Crystal can be attributed to concentration of the 2-3 m drop in bed elevation that had previously been distributed over much of the constriction into a small region at the head of the rapid by headward migration of the laterally widening channel, as in fig. 12f ). Rare large floods ( fig. 12e ) carry this process further, possibly widening the channel sufficiently to allow subcritical flow at all discharges. This state has not been reached at Crystal.
A rapid like Crystal therefore evolves into two parts: the original debris deposit, and the rock garden below it consisting of reworked debris. In early episodes of small floods, flow through the constricted channel is strongly supercritical, and velocities are high enough in the constriction and in region 3 of supercritical flow so that large boulders can be moved by the river. They will be eroded from the constriction and region 3 and deposited downstream of the normal wave in region 4 of subcritical flow where flow velocities are smaller. Thus, it is plausible to believe that the rock garden grows or is modified with the changing position of the normal wave. The reports of changes in the configuration of the Crystal Rock Garden during the 1983 high discharges support this idea. Since the position of the hydraulic jump changes with discharge (which increases and decreases on many different time scales) and with channel constriction (which becomes less severe with time), changes in the rock garden can occur over a substantial distance in the rapid. At Crystal Rapid, the distance between the constriction and the furthest rocks in the Rock Garden is on the order of 1 km.
Depending on the relative upstream and downstream heads of the water and on the velocity required to move debris, two different flow regimes and channel geometries could result from the highest discharges: (a) As widening occurs, flow velocities in the constriction could become lower than the threshold velocity for erosion, and erosion could cease while the channel geometry still required supercritical flow (as suggested in fig. 12d ). (In this case, even though erosion no longer occurred in the constriction, modification of the debris fan could continue downstream of the constriction if velocities in the supercritical region 3 were sufficiently high for boulder transport.) (b) Alternatively, as widening occurs, velocities could remain sufficiently high for erosion to channel a width sufficient for subcritical flow (as suggested in fig. 12e ). The choice of alternatives is determined by the relative upstream and downstream heads of the river at the rapid, and by the threshold erosion velocity. Calculations presented below suggest that alternative (b) is the general case for debris fan evolution on the Colorado River in the Grand Canyon-that is, that subcritical flow is obtained in the widening process. At some relatively arbitrary time in this sequence, the configuration of the river at the debris fan has evolved from lake-and-waterfall to pool-andrapid, and, depending on the relative frequencies of the large floods on the main river and tributary, the sequence of fig. 12a -e is repeated.
The shape of the main stream at a debris fan at any instant of geologic time therefore reflects the contouring that occurred at the maximum discharge of the river since the last emplacement episode in the history of that debris fan, unless effects of sedimentation of the finer-grained, more transient material partially mask the larger scale erosion (e.g., Howard and Dolan 1981 , fig. 7 ). The observation, summarized in figure 2, that the Colorado River is less constricted at most of the tributary debris fans than it is at Crystal Rapid suggests that these fans have seen higher discharges than Crystal, i.e., higher than 100,000 cfs. We know this to be true-a flood of 220,000 cfs occurred in 1921, and a flood estimated at 300,000 cfs occurred in 1884. It is reasonable to assume that e en larger floods have occurred since the emplacement of many of these debris, a time that may exceed 104 years (Hereford 1983 cussion apply only to those recent fans that emerge from tributaries and are currently active, not to some of the more ancient terraces along the Colorado that may have formed under substantially different climatic conditions.)
These observations suggest that the largest discharge in the life of these fans could be estimated from extrapolation of this analysis for Crystal discharges sufficiently high to obtain a constriction of 0.50 ( fig. 13) . In so doing, an assumption is made that channel erosion was sufficiently rapid to reduce the flow velocity to the threshold level at each flood. Extrapolation was done with the standard power functions relating depth, velocity, and head to specific discharge as described in table 1, footnote i. In addition to the uncertainty introduced by these functions, there are uncertainties due to lack of knowledge of the vertical cutting of the bed at high discharges and to the role of overflow across the debris fan, which could become more significant at higher discharges.
The calculations show that if the discharges through Crystal Rapid were increased above 100,000 cfs, the present channel constriction of about 0.40 is too severe to prevent velocities in the constriction from rising above those required for erosion. For example, if the discharge rose to 300,000 cfs, u2 would rise to 10.6 m/s in a channel with 0.41 constriction; therefore, the channel would widen. A widening to a constriction of 0.47
